Abstract In the discussion of climate impacts, 1.5 and 2°C have become iconic values. This study examines the impacts of 1.5 and 2°C global warming on water availability, runoff seasonality, and extreme monthly and daily runoff in two catchments, using the semidistributed hydrological model Hydrologiska Byråns Vattenbalansavdelning-D, based on a combination of five global climate models (GCMs) and four representative concentration pathways (RCPs). Subsequently, quantitative assessments were made for projection uncertainties from GCMs and RCPs. The two catchments are the Yiluo River catchment (YLC) in northern China and the Beijiang River catchment (BJC) in southern China. The results indicate wetter flood seasons for YLC and warmer mean annual temperatures, drier springs, and more severe floods over long return periods (25 and 50 years) for both catchments. The change magnitude of most indicators is expected to be larger in YLC than in BJC. Mean annual temperatures in both catchments are expected to have smaller changes under the 1.5°C scenario than under the 2.0°C scenario. However, the change magnitude of the other hydrological variables is projected to be approximately equivalent for both catchments under both scenarios. Uncertainties of projected impacts from GCMs are generally larger than those from RCP scenarios, for both catchments and warming scenarios, with the exception of mean annual temperature of BJC. These findings indicate that effective measures are required to Climatic Change (2017) 145:145-158 DOI 10.1007/s10584-017-2072 Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10584-017-2072-3) contains supplementary material, which is available to authorized users. 
Introduction
The global mean surface temperature (GMT) has increased 0.85°C over the period 1880-2012 and will likely increase by 0.3 to 0.7°C in the near term. As the planet continues to warm, the numbers of cold days and nights have decreased while the numbers of warm days and nights have increased globally since about 1950 (IPCC 2013) . Climate change will likely amplify climaterelated risks and create new risks for natural and human systems (IPCC 2014a) . The impact of climate change on people's livelihoods in certain regions could be catastrophic and is therefore of considerable concern to policy makers. For example, extreme flood events have increased substantially in the Pearl River basin since 1980 (Wu et al. 2013) , and more frequent and severe intrusions of saltwater into the Pearl River delta have occurred since 1990 (You et al. 2006) .
Among the 200 top largest ocean-reaching rivers worldwide, 15 and 19 showed statistically significant downward and upward trends in annual runoff, respectively, during 1948 (Dai et al. 2009 ). In China, significant decreases in annual runoff of the Yellow River and upper reaches of the Yangtze River over have been detected (Wang et al. 2013) . A large number of studies have assessed impacts of climate on water resources at either global or regional scale under different emission scenarios using various global climate models (GCMs). Results have been reported in a series of assessments by the IPCC (2014b) and in other publications (Dankers et al. 2014; Liu et al. 2013a; Todd et al. 2011; Schewe et al. 2014) . The percentage of the global population that has experienced water scarcity and major river flooding is projected to increase with increased warming in the twenty-first century (IPCC 2014a) .
Recent climate change has had widespread impacts on natural and human systems, and warming caused by continued emission of greenhouse gases will increase the risk to people and ecosystems (IPCC 2014c) . In the 2010 Cancún Agreement (UNFCCC 2010), the signers agreed that global warming should be restricted to no more than 2°C above pre-industrial levels. The 2015 Paris Agreement (UNFCCC 2015) marked another step forward and included a twofold temperature goal of Bholding the increase in the global average temperature to well below 2°C above pre-industrial and pursuing efforts to limit the temperature increase to 1.5°C^. The 1.5°C threshold was included because a number of regions may face high risks under a 2°C increase (e.g., Schewe et al. 2011 ). Accordingly, the 1.5 and 2°C thresholds have become a staple of climate change discussions.
Climate impacts and risks at various global mean temperature increases have been examined in previous studies. For example, the risk to human support systems because of increase in extreme rainfall and drought is expected to be much higher under a 4°C increase than a 2°C increase (Schellnhuber et al. 2012) . Virtually all tropical coral reefs are projected to be at risk of severe degradation under a 2°C warming scenario; this percentage is projected to decline to 70% by 2100 under a 1.5°C scenario (Schleussner et al. 2016 ). However, a comprehensive study is needed of the difference in climate impacts at the 1.5 and 2°C levels. The assessment of climate change impacts is important for policy makers to make mitigation efforts.
To identify potential threats from global warming, this study investigates the impacts of climate change on water availability and extreme runoff in the Yiluo River catchment (YLC) in northern China and in the Beijiang River catchment (BJC) in southern China under global warming of 1.5 and 2°C. In general, global and catchment hydrological models are applicable to estimate hydrological impacts. However, climate impacts vary regionally, and adaptation policies are implemented at the regional scale. To provide reliable information for regional stakeholders and tailored adaptation policies, we used one validated hydrological model, considering that catchment hydrological models usually have more explicit representation of catchment water resources than global models (Gosling et al. 2011) .
We first considered relative change against the baseline in projected temperature and precipitation at annual and monthly scales under global warming of 1.5 and 2°C. Then, we investigated changes in simulated annual mean and seasonal runoff as well as extreme monthly and daily runoff, based on a simulation using the hydrological model Hydrologiska Byråns Vattenbalansavdelning (HBV)-D under four representative concentration pathway (RCP) scenarios and five GCMs. Finally, uncertainties inherent in GCM structures and RCP scenarios were quantitatively investigated.
2 Study area and datasets 2.1 Study basin description YLC ( Fig. 1) (33.5°-35°N , 109.5°-113°E) flows into the middle reaches of the Yellow River in northern China, has a drainage basin of 18,881 km 2 , and had a population of 7.7 million in 2010 (Fu et al. 2014 ). The Heishiguan hydrological station is where the river joins the main stream of the Yellow River, and the control watershed area is 18,563 km 2 (He et al. 2007 ). Mountainous and hilly areas, loess, and alluvial plain (valley) cover 52.4, 39.7, and 7.9% of the catchment, respectively (Wang and Qian 2012) .The catchment has a semi-humid climate, and the annual average mean temperature is between 10 and 13°C. The maximum monthly mean temperature varies from 17 to 20°C, and the minimum monthly temperature from 5 to 7°C (Liu et al. 2013b ). The mean annual precipitation of~660 mm is not evenly distributed throughout the year. Because of the East Asian summer monsoon, precipitation during the flood season (June to September) accounts for 60% of the annual total (He et al. 2007 ). Thus, the flood risk is the highest in summer, which is one of the reasons for seasonal variation in runoff. The annual runoff is~2.74 million m 3 (Wang and Qian 2012) . Runoff levels correspond to the seasonal precipitation pattern. Runoff during the flood season accounts for 46.5% of the annual total, whereas that from January to April represents only 17.1% (Guo and Zhao 2015) . Natural stream flow has been disturbed by reservoir operation, lift irrigation, and soil and water conservation since 1970, especially by a decline in cultivated land area and increase of urban industrial land area since 1990 . However, 80% of annual runoff is driven by precipitation (Zhao et al. 2006) . BJC ( Fig. 1) (He and Chen 2003) , and had a population of 8 million in 2010 (Fu et al. 2014) . The upper Shijiao station area makes up 82.1% of BJC. In the upper area of the station, a reservoir with total capacity 1.9 billion m 3 began operation in 1999 to prevent floods (Huang et al. 2015) . BJC has humid climate conditions influenced by the subtropical monsoon. Annual mean temperature is between 18 and 21°C, and the maximum monthly temperature is in July or August (Gao et al. 2016) . Mean annual precipitation varies from 712 to 4040 mm (Wang 2014) ; 75% of annual precipitation falls during flood season (April through September), whereas only 5.9% falls from November to January (He and Chen 2003) . Mean annual runoff is 42.8 billion m 3 . This runoff is modulated by the seasonal precipitation pattern, with 70-80% of the annual total occurring in the flood season (Huang et al. 2015) . The early flood season (April to June) is mainly influenced by frontal rainfall, and the late flood season (July to September) is characterized by tropical cyclones. Most floods are during the early flood season (Gao et al. 2016) . Studies have indicated that the rainfall-runoff relationship has been altered since 1973, primarily by urbanization and soil erosion. However, it has been indicated that the impact of such human activities is much smaller than changes in annual runoff (Li and Zhang 2014) .
Available data
Digital elevation model (DEM), land use, and soil data were used in the study. A DEM with scale 1:250,000 was developed by the National Geomatics Center of China (Shang et al. 2004) . Soil field capacity was estimated based on soil property data from the FAO Soil Map of the World (FAO 1995 (FAO -2003 . Digital land use map at scale 1:500,000 was developed by the Ministry of Land and Resources of China (Zha et al. 2001) . Because of data availability in the future, changes in land use were not incorporated.
Daily temperature and precipitation at 0.5°× 0.5°resolution during 1958-2001 were derived from the Water and Global Change Program (WATCH) meteorological forcing datasets (WFD) (Weedon et al. 2010) , and they were used as climate forcing to calibrate and validate the hydrological model in our study. Although a newer WFDEI dataset (Weedon et al. 2014) can improve variables such as radiative fluxes as compared with the WFD, the WFD is acceptable here because only temperature and precipitation were used. Climate projection information from five GCMs (GFDL-ESM2M, HaDGem2, IPSL_CM5A_LR, MIROC-ESM-CHEM, and NorESM1-M) was derived from the Inter-Sectoral Impact Model Intercomparison Project (ISI-MIP). These models were selected to span GMT change and relative precipitation change as effectively as possible (Warszawski et al. 2014) . Climate outputs were spatially interpolated into 0.5°× 0.5°resolution and corrected using a trend-preserving bias correction approach (Hempel et al. 2013) , with coverage of the period 1950 to 2099.
The digital monthly runoff records during 1970-2000 at the Heishiguan hydrological station along the Yiluo River were provided by the Yellow River Resources Bureau, and records at the Shijiao station along the Beijiang River were provided by the Pearl River Resources Bureau. They were used to calibrate and validate the HBV model for the two catchments.
Methodology

Climate change scenarios
The future time horizon of 1.5 and 2°C global warming was derived based on a 30-year running mean of GMT for each of the 20 combinations of four RCPs (RCP2.6, RCP4.5, RC6.0, and RCP8.5) and five GCMs. When the GMT anomaly of the 30-year running mean relative to pre-industrial level reaches the 1.5 or 2°C thresholds, the 30-year window is sampled as the corresponding time horizon of the global warming scenario. Among the 20 combinations, 16 scenarios show mean GMT increases exceeding the threshold of 2°C above pre-industrial level, and 18 scenarios exceed the threshold of 1.5°C. The changes in projected variables for the two catchments are quantified relative to the reference period .
Hydrological model: HBV-D
In various versions, the HBV model has been used under a wide range of climatic and physiographic conditions, from small watersheds to large basins in more than 40 countries (Graham and Bergström 2001; Kang et al. 2001; Lindström et al. 1997; Xu 2009; Zhao et al. 2007) . Derived from the BNordic^HBV model (Saelthun 1996) , the HBV-D model (Krysanova et al. 1999 ) divides a basin into smaller hydrological units by parameters that include elevation, land cover type, and climate conditions. These units allow better representation of local characteristics and consequently improve model performance. Therefore, compared with the original HBV model, HBV-D is considered more appropriate for investigating hydrological impacts of global climate change on large basins (Krysanova et al. 1999) . The model has also been used in China to simulate runoff of the Pearl (Liu et al. 2013a ) and Yangtze (Su et al. 2017 ) rivers and define rainfall thresholds for river flood warning for many catchments and various climate conditions nationwide (Fan et al. 2014; Meng et al. 2015; Zhang et al. 2014; Zhao et al. 2015) .
Calibration and validation of hydrological model
Observed monthly runoff during 1970-2000 was used to calibrate and validate the HBV model. Because natural hydrology in the two study catchments has been disturbed by human activities in nearly every year of that period, it is difficult to recreate undisturbed conditions, and the human alternations of the natural stream flow are not accounted in the hydrological model. The performance of HBV was evaluated using the following criteria: Nash-Sutcliffe efficiency (Ens) (Nash and Sutcliffe 1970) , coefficient of determination (R 2 ), and water balance error (WBE). In general, a hydrological model can effectively simulate stream flow for a given basin if Ens and R 2 are > 0.50.
where Q sim and Q obs are the simulated and observed monthly runoff, respectively; Q is the mean monthly runoff; i is the month; and n is the length of the monthly runoff series for the calibration or validation period.
Monthly and seasonal patterns of observed monthly runoff were acceptably reproduced as shown in Fig. 2a , with bias (quantified by WBE) of 11 and 15% for YLC for the calibration (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) and validation (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) periods, respectively. For the two periods, Ens is 0.73 and 0.73, and R 2 is 0.86 and 0.88, respectively. For BJC, the observed monthly runoff was reproduced well (Fig. 2b) , with bias = − 1%and 5%, Ens = 0.90 and 0.83, and R 2 = 0.96 and 0.93 for the calibration and validation periods, respectively. These results show that the model is capable of sufficiently accurate simulations of long-term runoff, although runoff was overestimated during 1991-2000 for YLC. This is partially because of the Guxian Reservoir operation since 1994, decline of cultivated land area, and increased urban industrial land area since 1990 . The satisfactory performance for the calibration and validation periods together with the successful application of HBV-D to different climate regions ensures that the model could be used to project the impacts of climate change on river runoff in our study under current human activities.
Hydrological projections and uncertainty
Mean annual, mean monthly, and extreme runoff at monthly and daily scales were calculated to investigate various hydrological responses of the two catchments under 1.5 and 2°C global warming scenarios. The extreme (high and low) monthly runoff is expressed by Q5 (high flow) and Q95 (low flow), for which the monthly runoff exceeded 5 and 95% of the time, respectively. The extreme daily runoff is expressed by POT3, which represents the maximum peaks sampled at an average rate of three events per year using standard independence criteria (Bayliss and Jones 1992; Kay et al. 2009 ). To facilitate inter-model comparison, the percentage changes in annual runoff, Q95, Q5, and POT3 were compared with the baseline period. However, changes in monthly runoff are expressed as percentage anomalies of annual runoff. The uncertainty envelope of climate projection is shown as a function of each GCM-RCP combination under the assumption that each scenario had an equal probability of occurrence.
The uncertainty of GCM structure was estimated using standard deviation of the mean of all RCPs under 1.5 and 2°C warming, respectively, whereas the uncertainty of RCP scenarios was estimated using standard deviation of the mean of all GCMs under each global scenario.
Results
Annual temperature and precipitation
In YLC annual mean temperature is expected to increase by 1.4 and 2.1°C in response to the 1.5 and 2°C warming scenarios, respectively (Fig. 3a) . Mean annual precipitation will decrease by 2% under 1.5°C warming and increase by 2% under 2.0°C warming (Fig. 3c) . The direction and magnitude of changes vary with the RCP-GCM combination. Additional scenarios show a decrease under 1.5°C warming and an increase under 2°C warming. The uncertainty from GCMs is larger than that from RCPs, for both projected average annual temperature and annual precipitation. The uncertainty from GCMs is one to six times that from the RCPs for projected average annual temperature and approximately two times for annual precipitation.
In BJC, the projected mean temperature increases are 1.2 and 1.8°C (Fig. 3b) , respectively. The uncertainties from GCMs and RCPs are comparable. Only a slight change in mean annual precipitation is projected, although predictions of the GCMs and RCPs present wide variations (Fig. 3d) . The uncertainties from GCMs are four and six times that from RCPs under the 1.5 and 2°C global warming scenarios, respectively. (1970-1980) and validation (1981-2000) As illustrated in Fig. 3 , a spatiotemporal discrepancy of changes in annual precipitation was projected between the two catchments and two scenarios. This may be partially explained by the time-varying change in precipitation. In the two catchments, the projected time to reach threshold 2°C is later than that to reach 1.5°C (Table S1) , and interdecadal oscillation has been detected (Hao et al. 2007; Lu et al. 2013 ). However, it may also be explained by strong regional-scale spatial heterogeneity in the simulated precipitation, because surface fields such as topography, coastlines, and vegetation are linked to climate models (IPCC 2013).
Annual mean and seasonal runoff
For YLC in northern China, the projected mean annual runoff will decrease by 22% compared with that of the baseline period for the 1.5°C global warming scenario and by 21% for the 2°C warming scenario (Fig. 4a) . The uncertainty from GCMs is larger than that from RCPs, and the former is more than twice the latter under the 1.5 and 2°C global warming scenarios. As shown in Fig. 4c , the monthly percentage of annual runoff is projected to decrease during the first 6 months of a year, especially in April and May, when the runoff is expected to decrease by 3 and 4%, respectively. However, the runoff will increase during the second half of a year (i.e., by 2 and 4% in September and October, respectively). These shifts will lead to changes in seasonality. The catchment will experience drier springs but wetter flood seasons. However, in most months, the additional 0.5°C increase in global temperature (from 1.5 to 2°C) does not correspond to a considerable difference in runoff. Furthermore, the direction and magnitude of the projected changes in monthly runoff are constrained by the GCMs and RCPs. The 12-month average uncertainty from GCMs is four times that from RCPs under the 1.5°C global warming scenario, but no more than twice that under the 2°C scenario.
For BJC, mean annual runoff is projected to increase by less than 1 and 3% compared with that during the baseline period for the 1.5 and 2°C global warming scenarios, respectively. The directions and magnitudes vary with RCP and GCM (Fig. 4b) . The uncertainties from GCMs are two and three times that from RCPs under the 1.5 and 2°C warming scenarios, respectively.
The mean monthly percentage of annual runoff during spring (March-May) is projected to decrease by 1 to 2%, with smaller changes under warming of 1.5°C than 2°C (Fig. 4d) . These changes will cause a drier early flood season. However, in other months, the proportions of Fig. 4a and b is the same as that in Fig. 3 . Bars in Fig.4c and d show the maximum and minimum values of all projected hydrological scenarios.)
annual runoff will increase with smaller amplitudes. The importance order of uncertainty from GCMs and RCPs is consistent with that for YLC, and the 12-month average uncertainty from GCMs is twice that from RCPs.
Extreme monthly runoff
For YLC, the mean Q95 is projected to decrease by 31 and 29%, and the mean Q5 is projected to decrease by approximately 5 and 1% under the 1.5 and 2°C global warming scenarios, respectively (Fig. 5a ). Projected mean changes in extreme runoff are slightly smaller under the 2°C scenario than under the 1.5°C scenario. A projected significant decline in low runoff indicates an increased possibility of dry seasons getting drier under warming of 1.5 and 2°C, as suggested in the Sect. 3.2. The mean high runoff will decrease, although based on the projection uncertainties, that runoff is still likely to increase under certain scenarios (Fig. 5c ).
The uncertainty from GCMs is 1.6-3.9 times greater than that from RCPs. For BJC, the mean Q95 is projected to decrease by 2% under 1.5°C warming and decrease by 1% under 2°C (Fig. 5b) . However, the mean Q5 is expected to have a much weaker change. Compared with YLC, changes in the two extreme events are smaller (see projected directions and amplitudes of changes in extreme monthly runoff in Fig. 5d ). The uncertainty from GCMs is 1.4 to 5.5 times greater than that from RCPs. 
Floods
For YLC, under the 1.5 and 2°C global warming scenarios, mean POT3s are projected to decrease by 8 and 10% for a 5-year return period, respectively, but expected to increase by 13 and 11% for a 25-year period and 27 and 27% for a 50-year period (Fig. 6a) . These findings indicate that more severe floods will occur infrequently, that less severe floods will be more frequent, and that change magnitudes for long return periods will be larger than those for short return periods. However, the difference in change magnitude between the 1.5 and 2°C global warming scenarios is insignificant. The uncertainty from GCMs is one to three times that from RCPs for the return periods mentioned above.
A similar pattern is projected for BJC, with more severe floods occurring infrequently, and an insignificant projected difference between the 1.5 and 2°C global warming scenarios. Specifically, in response to those two scenarios, mean POT3s are projected to increase by 6 and 6% for a 25-year return period, by 9 and 10% for a 50-year period, and by < 1% for a 5-year period, respectively (Fig. 6b) . Uncertainties from GCMs are one to five times greater than those from RCPs.
Conclusions and discussion
The present study revealed the probability of warmer annual temperatures, decreases in monthly runoff in the first half-year but increases in runoff in the last half-year, heavier floods over long return periods (25 and 50 years), and greater changes in Q95 than in Q5 monthly runoff for both catchments under 1.5 and 2°C global warming.
The results indicate that global warming could have different climatic and hydrologic impacts on the two catchments in northern and southern China. Specifically, the mean annual temperature projection indicates a greater temperature increase for YLC than BJC under both global warming scenarios. The mean annual runoff and monthly low runoff projections suggest that compared with the baseline, YLC catchment may become drier but that of BJC would have normal annual runoff and only slightly reduced low runoff. YLC is also projected to have more significant changes in flood patterns over 25-and 50-year return periods than BJC. a b Annual temperature would rise in response to both global warming scenarios, with a smaller change magnitude under the 1.5°C scenario than the 2°C scenario for both catchments. However, the projected magnitude of changes in flood pattern is roughly the same under both scenarios. For YLC, most scenarios show a decrease in annual precipitation under the 1.5°C scenario and an increase in that precipitation under 2°C warming. For BJC, the projection of mean annual runoff and monthly high and low runoff shows minor changes for both warming levels.
The present findings have implications for water resource management. The study identifies potential threats from global warming. For example, both catchments may experience warmer annual temperatures and more severe floods with long-term return periods, and YLC in northern China may have drier springs and early summers (March-June) but wetter midsummers to mid-autumns (July-October). Thus, the results indicate that effective water management measures must be developed. However, there were slight changes in annual runoff projected against the baseline. BJC in southern China may benefit from 1.5 and 2°C global warming because of runoff declines during April-May, which would potentially lead to fewer floods during early flood season (Gao et al. 2016 ).
Our uncertainty analysis shows that for both catchments, projection uncertainties for most indicators from GCMs are larger than those from RCP scenarios, with the exception of annual temperature of BJC. However, the uncertainties calculated here are not fully representative. Certain uncertainty sources were not investigated, such as hydrologic model structure and parameterization and GCM structure and initial conditions. This was because it is challenging to address and compare uncertainties from all sources. Nevertheless, the five GCMs used herein cover the entire range of global mean precipitation and GMT of 19 GCMs from Coupled Model Inter-comparisons Project Five (CMIP5) reasonably well for 2020-2050 and RCP2.6 and RCP4.5 (Fig. S1) . Moreover, 60 to 90% of the full range of future projections of 36 CMIP5 GCMs was captured by the five-model subset used for temperature and 40 to 80% of the full range of future projections for precipitation in the two catchments (from Fig. 1 in McSweeney and Jones 2016) . This information provides a useful context for interpreting the results and may facilitate comparison of results across impact studies based on different ensemble subsets. Future studies should use multiple GCMs and different RCPs to examine the impacts of climate change or evaluate risk management measures.
